Prolongation of cardiac action potentials may mediate some of the arrhythmia-suppressing and arrhythmia-aggravating actions of antiarrhythmic agents. In this study, suppression of time-dependent outward current by quinidine and amiodarone was assessed in guinea pig ventricular myocytes. The net time-dependent outward current contained at least two components: a slowly activating, La3+-resistant delayed rectifier current (IK) and a rapidly activating, La3+-sensitive current. Quinidine block of total time-dependent outward current during clamp steps to positive potentials was relieved as a function of time, whereas that induced by amiodarone was enhanced. In contrast, at negative potentials, suppression of current by quinidine increased as a function of time (x-at -80 mV=124+25 msec, n=4), assessed using a twin-pulse protocol. Quinidine reduced both IK and the La3+-sensitive current, whereas amiodarone reduced lK but not the La3`-sensitive current, suggesting that differential block of the two components of time-dependent current underlies the distinct effects of the two agents. In contrast to these disparate effects on total time-dependent outward current, steady-state reduction of IK by both drugs increased at positive voltages and saturated at +40 mV; the voltage dependence of block by quinidine (17% per decade, + 10 to +30 mV) was steeper than that by amiodarone (5% per decade, +10 to +20 mV). Block 
hence, improved use of these and similar agents may result from an improved understanding of the mechanisms that underlie their repolarization-prolonging effects. Action potential prolongation by quinidine has been attributed to suppression of the delayed rectifier current in several cardiac preparations, including frog myocardium," rabbit Purkinje fibers, '2 enzymatically isolated ventricular myocytes,13,14 and rabbit sinoatrial and atrioventricular nodes. 15 Studies in canine cardiac Purkinje fibers6 have demonstrated that quinidine prolongs action potential duration to a greater extent after long diastolic intervals, suggesting a time-dependent effect of quinidine at negative (diastolic) potentials.
We previously have described a quinidine-induced delay in the activation of time-dependent outward 520 Circulation Research Vol 69, No 2 August 1991 current in guinea pig ventricular myocytes.14 Although this time-dependent effect could result from a state-dependent interaction with the delayed rectifier, it has been shown that quinidine blocks other time-dependent outward currents, such as transient outward current in rabbit atrial and ventricular cells. 16 We recently have shown that time-dependent outward current in guinea pig ventricular myocytes has at least two components, which can be separated by their sensitivity to La`+.17,18 The La3+-sensitive component is rapidly activating and partially inactivates, suggesting that it represents at least in part a transient outward current. Sanguinetti and Jurkiewicz19 also have reported two components of timedependent outward current in these cells. They describe a small, "drug-sensitive," rapidly activating component that they term (30-100 ,uM) eliminates the discrepancy between the time courses of increasing time-dependent outward current during positive clamp steps and the corresponding envelope of tail current amplitudes1718; hence, addition of La3+ isolates the delayed rectifier current (IK), which may correspond to IK, of Sanguinetti and Jurkiewicz.
In this study, we first evaluated the effects of quinidine and amiodarone on net time-dependent outward current. Then, we used La3+ to isolate the delayed rectifier and examined drug effects on IK alone. The goals of these studies were 1) to assess whether quinidine suppression of the net time-dependent outward current depends on the diastolic interval before depolarization, 2) to compare the effects of quinidine on time-dependent outward current to those of amiodarone, and 3) to examine the time-and voltage-dependent effects of quinidine and amiodarone on pharmacologically isolated IK.
Materials and Methods

Experimental Conditions
Guinea pig ventricular myocytes were isolated using a Langendorff procedure20 (modified as described elsewhere14). Cells were stored at 37°C in medium 199 (CaC12= 1.3 mM) that was supplemented with (mg/l) vitamin B12 1, thyroxine 1, insulin 25, transferrin 10, sodium selenite 0.01, streptomycin 100, and amphotericin B 250, as well as 5% fetal calf serum and 1 x 10' units/l penicillin. After 2-12 hours of incubation, currents were measured using the whole-cell configuration of the patch-clamp technique. 21 10 ,uM in four of the six experiments described below; in two experiments in which concentrations of 0.5 and 1 ,uM were used, effects of similar magnitude were elicited after longer exposure periods.
Voltage Dependence
Steady-state voltage-dependent drug effects were evaluated at positive potentials in two ways. The relation between transmembrane voltage and steadystate current was assessed directly by clamping from -70 mV to one of several positive test potentials for 5 seconds. (In some experiments, the temperature was reduced from 30°C to 25°C to further minimize rundown; in these cases, positive clamp steps were increased to 6 seconds in duration to more closely approach steady-state activation.) The total outward current developing during a positive clamp step was measured for increasing test potentials (+10 to +60 mV, increments of 10 mV). A this approach was that some of the gating transitions (e.g., between multiple open states) were best defined when drug was present. We present here assessment of the drug affinity constants ka and kd; the procedure also evaluated the parameters that define the gating kinetics of the delayed rectifier, but a more thorough assessment of these rate constants has been described elsewhere.18
Results
Whole-Cell Time-Dependent Current
Effects of quinidine at negative potentials (near EK). As discussed above, a twin-pulse protocol was used in these experiments. Outward currents first were activated by a 10-second conditioning step to +50 mV and then clamped to a negative test potential (usually -80 mV) for variable test intervals; Itail after a 300-msec step to +20 mV then was measured. In the absence of drug, ltail was large after a short (50-msec) interval at -80 mV, reflecting incomplete deactivation after the long conditioning step to +50 mV (Figure la). After a longer (4,000-msec) period at -80 mV, Itail was smaller, reflecting only the activation during the brief 300-msec test pulse. In the experiments in which block was examined at more than one voltage, the time constants were 80 msec at -100 mV and 91 msec at -80 mV, and 98 msec at -80 mV and 121 msec at -40 mV.
In Figure 2 , the effects of quinidine and amiodarone on time-dependent current at positive potentials are compared. Reduction of current by quinidine at +20 mV was greater with short than with long clamp steps, as we have reported previously.'4 In contrast, the effect of amiodarone was greater after the longer step to +20 mV. Amiodarone reduced ltail by 68±10% after 2,000 msec at +20 mV, but only by 45±13% after 200 msec (n=5, p<0.05). The effects of amiodarone could not be washed out.
Voltage-Dependent Effects of Quinidine and Amiodarone on IK
To assess drug effects on the delayed rectifier, extracellular solutions included 30 ,uM La3+ to eliminate non-IK time-dependent currents.17-'9 Figure 3 compares the time course of the quinidine-sensitive current in an La'+-exposed cell to that in a cell not exposed to La3+. Assessment of quinidine effects in a single cell in the absence and presence of La3+ was not possible, because La3+ could not be washed out over the 30-45-minute duration of these experiments. In the absence of La3+ (Figure 3a) , block by 10 ,uM quinidine was fully developed in less than 1 second. This is the result that we have reported previously14 under slightly different study conditions and that was further reproduced in these studies (n =2). In contrast, quinidine block in the presence of La3+ (n=8) developed much more slowly and did not reach a plateau in 5 seconds (Figure 3b ). Thus, quinidine blocked outward current even in La3+-treated cells but with a time course different from that in non-La3+ exposed cells. In contrast, the time course of amiodarone block was similar in the presence or absence of La3+. Hence, these findings indicate that quinidine blocks multiple components of outward current, and amiodarone blocks predominantly 1K. Figure 4a shows currents elicited by 5-second clamp steps to +20 and +50 mV and ltail values at -30 mV (with 30 ,M La3+). Quinidine did not suppress the current at +20 mV; however, 'K was significantly reduced at +50 mV. Furthermore, the reduction of 'tail at -30 mV (35%) was greater than the reduction of the time-dependent current developing during the step to +50 mV (18%). by 50 ,M quinidine was greater than 10 ,uM (p<O.O5). Also shown in Figure 4b is the voltage dependence of activation for all eight experi- Figure 5 shows drug effects on IK activation measured in the two ways described in "Materials and Methods" and in Figure 4a . Quinidine effects on the tail amplitudes at -30 mV were greater than on the developing time-dependent current measured directly at the positive test potential ( Figure 5 , left panel; p<0.O5). This difference also was significant for 50 gM quinidine. The voltage dependence of block was qualitatively similar for both types of measurement: block increased as the activating voltage increased but appeared to saturate at -+40 mV. At + 10 mV, 10 ,M quinidine actually appeared to increase IK (four of four activation experiments; two of four tails); however, the measured currents were small, and these changes were not statistically significant. Using the same approach, amiodarone effects on IK were examined ( Figure 5, right panel) . At a concentration of 10 ,uM, amiodarone block was less voltage dependent, although suppression of steadystate current at voltages greater than +50 mV was greater than at lower voltages (p<O.OS). Moreover, for amiodarone, there were no significant differences between the effects on tail amplitudes at -30 mV and current developing during the preceding clamp steps to positive voltages.
The effect of quinidine on the deactivating tail amplitudes at -30 mV was greater than on current measured directly during activation at +50 mV. Figure 6 shows the effects of quinidine over a range of deactivating voltages. Tails (Figure 6 ). However, voltage dependence of the amiodarone suppression was smaller and was not statistically significant.
Time-Dependent Effects of Quinidine and
Amiodarone on IK Figure 7 shows the effects of quinidine and amiodarone on IK as a function of time. Quinidine (dotted line) altered the kinetics of both the activating current and the deactivating tail. As shown in Figure 7a , block was greatest early during the activating pulse and was relieved during activation. Block then increased again transiently on stepping to -30 mV but was relieved gradually during deactivation, resulting Figure 7a . Figure 7b shows a similar analysis with amiodarone. Block by amiodarone also was greatest early in the activating pulse, and amiodarone also slowed deactivation at -30 mV, although the effect was small compared with quinidine. Models that could account for these time-and voltagedependent effects are discussed below. In Figure 1 , block by quinidine was shown to increase as a function of time at negative potentials. However, in La3"-treated preparations (i.e., IK alone), quinidine block was promptly relieved at negative potentials (r=40+ 15 msec; Figure 8 ). Figure  8b shows that back extrapolation to time 0 (dashed line) indicates -60% block of IK by quinidine at -30 mV immediately after a 10-second conditioning step to +50 mV. This degree of block is similar to that found with the activation protocol (Figure 4b ).
Discussion
The results of this study showed that quinidine and amiodarone blocked net outward current but with different time and voltage dependence. Drug actions in the presence and absence of La3`indicated that these contrasting results reflected the different effects of the compounds on at least two components of time-dependent outward current. As discussed further below, with non-IK currents eliminated, the data suggest that both agents block an open state of the delayed rectifier potassium channel.
Effects of Drugs on Whole-Cell Time-Dependent Potassium Current
In isolated ventricular myocytes, we previously have shown that quinidine both decreases and delays the activation of time-dependent outward current at positive potentials.14 We demonstrated here that quinidine-induced reduction of time-dependent outward current was enhanced by holding at negative potentials, an effect consistent with the frequencydependent effects of quinidine observed on action potential duration in Purkinje fibers.6 The La3+-sensitive, time-dependent current may contain components of both transient outward current18 and the noninactivating "IK," described by Sanguinetti myocytes is known to be blocked by quinidine16 at concentrations used here. In addition, a transient outward current also is present and blocked by quinidine in rabbit Purkinje fibers (see Figure 2 in Reference 12). Thus, the delay in activation produced by quinidine14 or by La3+18 may partly reflect block of a transient outward component. This early La3`-sensitive component did not appear to be blocked by amiodarone (Figure 2 ). Quinidine also might increase action potential duration by blocking "background" currents such as the inward rectifier, 32 'Kp533 or chloride current.34 Amiodarone effects on net outward current, in contrast, increased with the duration of depolarization and thus were more consistent with suppression of 1K alone. Effects of Quinidine on IK At a concentration of 10 ,M, suppression of IK increased from 0% to 38% as the clamp voltage increased from + 10 to +40 mV. The steepest portion of the block occurred between +20 and +30 mV, with a block increase of 16±7% over this 10-mV range. Furthermore, block saturated at voltages .40 mV. Although the delayed rectifier channel in the sinoatrial and atrioventricular nodes displays gating kinetics that differ from those in ventricle,35 recent work shows some similar features for time-and voltage-dependent quinidine block of delayed rectifier potassium channels in rabbit nodal multicellular aggregates. 15 We have considered three models that could account for the voltage-and time-dependent effects shown in Figures 4-7 . These are 1) voltage-dependent binding of the positively charged form of quinidine, independent of the state of the channel; 2) state-dependent binding of the drug to the channel; and 3) a combination of voltage-and state-dependent binding.
Voltage-dependent drug affinity. In this case, the blocking agent (positively charged form of the drug) might act by moving to its site of action within the membrane electric field. Assuming that block is not influenced by permeant ions and does not depend on the state (whether open or closed) of the channel, the fraction of channels not blocked (f) is given by the following expression36,37:
f=K{[D]exp(z8VmF/RT) +Ko} (2) where K0 is the voltage-independent affinity of the drug for its receptor, [D] is the drug concentration, Vm is the membrane potential, F/RT=0.0382 mV-1 at T=30°C, z is the valence of the blocking species (+ 1 for quinidine), and 8 represents the fraction of the total membrane field experienced by the blocking species at its receptor site. The maximum steepness of this block is 9.6% per 10 mV change in membrane potential (calculated by differentiating Equation 2 with respect to voltage at f=0.5), whereas the maximum steepness for the block shown in Figure 4b was 17±5% per decade between +10 and +30 mV. Not only is the maximum steepness of the block greater than that predicted by the voltage-dependent model, but also this model provides no mechanism for the saturation of block observed at voltages > +40 mV.
Multiple ion occupancy has been demonstrated for the delayed rectifier potassium channel in nerve,37 but occupancy features have not been determined for the cardiac channel. In this case, a second K+ ion might enter the potassium channel after the blocking ion and thereby slow its net exit rate. In such cases, values of 8>1.0 may be obtained, as has been shown for Cs+ ion block of inward rectifier potassium channels in starfish eggs (8= 1.4-1.5)38 and delayed rectifier potassium channels in squid giant axons (8= 1.3 Figure 8a , the quinidine and baseline data points are superimposed after much less time than was necessary for full deactivation.
However, as shown in Figure 9a , this model did not provide a good fit to the experimental data, especially the saturation of block at . +40 mV. A further argument against this state model was the finding that although block saturated at 2 +40 mV, the voltage dependence of activation (small filled circles and dotted lines in Figure 9a ) did not. Furukawa et al '5 recently proposed that such a model of openstate block accounted for suppression of IK in sinoatrial and atrioventricular node aggregates by quinidine, because slowing of deactivation at negative potentials was readily explained. However, the voltage dependence of block associated with the model was not assessed, and our results suggest that quinidine block is more complex than this simple model allows. If a term is added to the model to allow drug association and dissociation to be voltage dependent, the fit is not improved (Figure 9a ). However, we cannot exclude the possibility that more complex voltage-dependent models would allow us to simulate the data.
An alternate extension of the state-dependent model Figure 9b shows the behavior of this model during deactivation at -30 mV; as in the experimental data (Figure 7 ), deactivation was slowed by quinidine. The None of these models accounts for the discrepancy between reduction of the current that develops during steps to positive voltages (test pulses) and reduction of the subsequent tail amplitudes at -3OmV ( Figure 5, left panel) . Although block of two distinct channels could explain such an observation, we have pharmacologically isolated the delayed rectifier by addition of La3+.18 Similarly, K' accumulation at positive voltages could, in principle, attenuate block during the positive test pulse. However, we and others44 have shown that significant K' accumulation does not occur under these conditions; in addition, this feature of quinidine block was not seen with amiodarone. Figure 6 suggests that a competing process tends to decrease block as the membrane potential increases from -30 to 0 mV. One possible mechanism for this block relief is that permeation by K' ions may compete with block by quinidine to a greater extent at positive membrane potentials well above EK, analogous to the mechanism proposed by Armstrong40 for tetraethylammonium block of IK in nerve.
Effects ofAmiodarone on IK: Comparison to Quinidine
Although certain voltage-and time-dependent features of amiodarone block of IK were qualitatively similar to those of quinidine block, the differences are sufficiently great as to raise the possibility of different mechanisms. The discrepancy between block of developing current during the test pulses to positive voltages and the subsequent tail amplitudes was observed only with quinidine and not with amiodarone ( Figure 5, right panel) . In addition, the voltage dependence of amiodarone block was far less striking than that of quinidine. The latter finding suggests that a charged form of amiodarone does not move in the membrane field to block the channel pore. Rather, because amiodarone has an extremely high membrane partition coefficient (_106),45 it is likely that the interaction of this agent with the channel is mediated by a hydrophobic (i.e., via the membrane) rather than a hydrophilic42 mechanism such as that we postulate for quinidine. Because amiodarone is so lipid soluble, a meaningful estimate of its affinity for the channel could not be determined. However, after 10-15 minutes of drug exposure, levels of block for 10 uM amiodarone ( Figure 5 , bottom panels) were similar to those obtained at steady state with 50 gM quinidine (Figure 4b ).
Relation of Drug Effects and Action
Potential Duration
The action potential and QT prolonging effects of quinidine are most prominent at slow rates. 6, 46 It has been hypothesized that this "reverse use dependence" is undesirable because it may both minimize any antiarrhythmic effects of action potential prolongation at fast rates46 and play a role in the induction of bradycardia-dependent triggered rhythms such as torsade de pointes.10,46 The study indicate that the frequency dependence of the action potential prolonging properties of quinidine is best explained by block of multiple channel types. For example, Figure 1 shows that block of total outward current by the drug increased as a function of time at negative potentials, a finding completely compatible with "reverse use dependence" in action potential prolongation. However, we have provided evidence here that quinidine is a blocker of open delayed rectifier channels, which would maximize drug effect at fast rates. The difference is likely due to quinidine block of other currents, such as the drug-sensitive component (IKJ) or an inactivating (transient outward) current, which we previously have shown is present in these cells.18 Data such as those shown in Figure 3 and previously reported from this laboratory14 support the concept that quinidine blocks IK,, whereas others16 have reported that quinidine also blocks a transient outward current. Further studies of time and voltage dependence of quinidine block of each of these components-not only in guinea pig ventricular myocytes but also in myocytes from other species, in which components of outward current may be different, and in Purkinje tissue, in which early afterdepolarizations and torsade de pointes are thought to arise6JO -will be required to sort out the roles of drug block of each channel type in arrhythmia suppression or provocation by action potential prolongation.
Another important finding was that quinidine block of the delayed rectifier abruptly increased on stepping from a positive potential to a negative potential ( Figure 5, left panel) . Thus, during phase 3 of the action potential, quinidine may delay terminal repolarization, promoting the development of early afterdepolarizations.6 Although quinidine blocked multiple components of time-dependent outward current, amiodarone in contrast appeared to have greater selectivity for IK, and amiodarone block did not increase on a step decrease in membrane potential. These findings may explain in part the low propensity for amiodarone to cause repolarizationrelated arrhythmias. [47] [48] [49] 
